Vitrification of oocytes has been applied recently for humans, but remains elusive. The microtubules of oocytes are vulnerable to cryoprotectants and thermal changes. Using mouse oocytes, the effects of vitrification in open pulled straws (OPS) were investigated on survival, the meiotic spindle, and chromosomes and compared with conventional straws. Mature oocytes were allocated to four groups for exposure to cryoprotectants, vitrification in conventional straws, or vitrification in OPS. They were diluted in stepwise sucrose solutions. Oocytes without treatments were used as controls. The surviving oocytes were stained for meiotic spindles and chromosomes. After dilution, all of the oocytes exposed to cryoprotectants survived. Vitrification sometimes resulted in lysis so that survival using OPS (62%) was significantly (P < 0.05) smaller than that using conventional straws (81%). Oocytes exposed to cryoprotectants or vitrified exhibited serious disturbances of microtubules immediately post-dilution. After 1 h incubation, the microtubules could repolymerize so that the OPS group had significantly (P < 0.05) more normal spindles (78%) than did the conventional straw group (21%). The former also tended to have more compact chromosomes (87%) than did the latter (78%). OPS for vitrification of oocytes achieve more rapid cooling, warming, and dilution and so reduce spindle injury. However, the lower survival rate in OPS needs improvement.
Introduction
The cryopreservation of human oocytes would make a significant contribution to infertility treatments. It could also provide an alternative to embryo preservation for the avoidance of ethical problems. Embryo cryopreservation is now a successful procedure, but oocyte cryopreservation has poorer results (Bernard and Fuller, 1996; Mandelbaum et al., 1998) . Only a few successful pregnancies have arisen from cryopreserved 2598 © European Society of Human Reproduction and Embryology human oocytes (Chen, 1986; Porcu et al., 1998; Tucker et al., 1998) . This situation has been primarily attributed to the poor survival, fertilization, and development of cryopreserved human oocytes (Trounson and Kirby, 1989; Van Blerkom and Davis, 1994) .
The majority of pregnancies from cryopreserved oocytes in humans were achieved by the slow freezing method (Chen, 1986; Porcu et al., 1998; Tucker et al., 1998) . However, the viability of oocytes after thawing has been highly variable, ranging from 2.2 to 64.0%, and deserves further refinement (Gook et al., 1993; Tucker et al., 1998) . The vitrification method for cryopreservation of oocytes seems promising according to results from mammalian experiments (Nakagata, 1989; Hotamisligil et al., 1996; Martino et al., 1996; Vajta et al., 1998) . The value of vitrification for human oocytes remains elusive (Hunter et al., 1995) , although successful case reports have been documented (Hong et al., 1999; Kuleshova et al., 1999) . Otoi et al. (1998) vitrified bovine oocytes that were very sensitive to chilling with ethylene glycol-based cryoprotectants in conventional straws, and they achieved results better than those observed with the slow freezing method. To obtain a more rapid cooling and warming rate, Vajta et al. (1998) developed open pulled straws (OPS) to hold bovine oocytes with a very small amount of solution for vitrification. They reported that the developmental capacity and the pregnancy potential of oocytes vitrified using OPS were improved, compared with those vitrified using conventional straws. The comparative merits of OPS and conventional straws for the vitrification of oocytes deserve further investigation.
The microtubules of oocytes are vulnerable to cryoprotectants and thermal changes involved in cryopreservation (Pickering et al., 1990; Van Blerkom and Davis, 1994) . Disruption of the meiotic spindle may lead to impairment of fertilization of oocytes and the growth of embryos (Eroglu et al., 1998) . Although the microtubular system of mouse oocytes with respect to the distribution of pericentriolar material is different from that of human oocytes, it has been widely used as a model to study the spindle organization of human oocytes (Pickering et al., 1990; Joly et al., 1992) . Using this model, our study explored the effects of vitrification of oocytes using conventional straws and OPS on morphological survival, the meiotic spindles, and chromosomes.
Materials and methods

Preparation of oocytes
Female ICR mice aged 6-8 weeks were induced to superovulate by i.p. injection of 10 IU of pregnant mare's serum gonadotrophin (Sigma, St Louis, MO, USA). Fifty hours later, these female mice were injected i.p. with 10 IU of human chorionic gonadotrophin (Organon, Oss, Netherlands) to trigger ovulation. Eighteen hours later, the oviducts were excised, and the cumulus-oocyte complexes were collected in human tubal fluid (HTF) medium. The granulosa cells of the oocytes were removed by pipetting in HTF medium containing 80 IU/ml hyaluronidase (Sigma) and washing. The mature oocytes with the first polar body were collected for the experiments. They were cultured with HTF medium containing 0.5% bovine serum albumin (BSA; Sigma) in an atmosphere of 5% CO 2 in air at 37°C. The oocytes were randomly allocated to four groups including exposure to cryoprotectants without cooling, vitrification using conventional straws, vitrification using OPS, and controls without treatment.
Preparation of pretreatment, vitrification and dilution solutions
The solutions for pretreatment, vitrification, and dilution were prepared using Dulbecco's phosphate-buffered saline (DPBS) (Gibco, Grand Island, NY, USA) plus 20% fetal cord serum. The pretreatment solution contained 1.5 mol/l ethylene glycol (Sigma). The vitrification solution consisted of 5.5 mol/l ethylene glycol and 1.0 mol/l sucrose (EG5.5) (Martino et al., 1996) . The solutions for dilution were made of 0.5, 0.25 and 0.125 mol/l sucrose.
Oocytes exposed to cryoprotectants without cooling
The oocytes were pretreated with 1.5 mol/l ethylene glycol (EG) for 5 min. They were transferred into a drop (200 µl) of EG5.5 on a Petri dish (Becton Dickinson and Company, Lincoln Park, NJ, USA) and mixed for equilibration. They were transferred to the other drop (200 µl), and the time for exposure to EG5.5 was 1 min. The procedures were performed at a room temperature of 22-24°C. Next, the oocytes were transferred into 0.5, 0.25 and 0.125 mol/l sucrose in a 4-well dish (Becton Dickinson and Company), for 2.5 min in each solution at 37°C. The oocytes were then washed, transferred into the culture medium, and incubated at 37°C.
Vitrification of oocytes in conventional straws
The oocytes (four to six at a time) were pretreated with 1.5 mol/l ethylene glycol and exposed to EG5.5 as above, and then loaded into a 0.25 ml plastic straw (IVM, l'Aigle, France). The straw was filled with 1 cm of vitrification medium, 0.5 cm of air, 2 cm of vitrification medium containing oocytes, 0.5 cm of air, and 3.5 cm of vitrification medium ( Figure 1A ). The straw was plunged into liquid nitrogen at 1 min after the oocytes had had contact with EG5.5.
After storage for 1-5 days, the straw was taken out of the liquid nitrogen, held in the air for 5 s, and then plunged into water of 37°C for 10 s. The vitrification solution in the straw remained transparent in the liquid nitrogen, air, and water. The straw was removed from the water and wiped dry. It was cut with scissors and the contents containing oocytes were expelled into a drop (400 µl) of 0.5 mol/l sucrose on a Petri dish. The oocytes were diluted in stepwise sucrose solutions and incubated in culture medium.
Manufacture of OPS
Conventional straws were heat-softened over a hot plate and pulled manually. The straws were cooled in air and then cut at the tapering end with a blade. The inner diameter of the tip decreased from 1.7 mm to~0.8 mm, and the wall thickness diminished from 0.15 to 0.07 mm (Vajta et al., 1998) .
Vitrification of oocytes in OPS
The oocytes were pretreated with 1.5 mol/l ethylene glycol and then mixed with EG5.5 as above. Loading into the tip of the OPS was done by means of the capillary effect by simply touching a microdrop (1-2 µl) of vitrification solution containing oocytes ( Figure 1B ). Plunging the OPS into liquid nitrogen achieved rapid cooling (Vajta et al., 1998) . At warming, the OPS was held in the air for 5 s, and the tip was put into a drop (400 µl) of 0.5 mol/l sucrose. The vitrification medium became liquefied, and the oocytes were expelled from the OPS. They were then diluted and incubated as above.
Definition of morphological survival
Oocytes were defined as having morphologically survived if the cells possessed an intact zona pellucida and plasma membrane and refractive cytoplasm. They were counted and recorded.
Fluorescent staining of meiotic spindles and chromosomes
The morphologically surviving oocytes of the treatment groups were examined for spindles and chromosomes immediately post-dilution and after 1 h of incubation. The control oocytes were also tested at retrieval and after 1 h incubation for comparisons. Fixation and staining were adapted from a published method (Pickering et al., 1990) . Preservation of oocytes was achieved by fixation in 2% formaldehyde (Merck, Darmstadt, Germany) with 0.02% Triton X-100 (Merck) in DPBS at 37°C for 30 min. The oocytes were then incubated in anti-α-tubulin monoclonal antibody (Sigma) in DPBS with 0.5% bovine serum albumin (BSA) for 45 min. They were washed in 0.01% Tween-20 (Merck) for 15 min. Tubulin staining intensity was amplified by incubating the oocytes in fluorescein isothiocyanate (FITC)-conjugated anti-mouse IgG (Sigma) for 45 min together with Hoechst 33258 (20 µg/ml) (Sigma) which stained the chromatin. Excess antibody and dye were washed out in 0.01% Values in parentheses are percentages. a P Ͻ 0.05, compared with oocytes exposed to cryoprotectants. b P Ͻ 0.05, compared with oocytes exposed to cryoprotectants or vitrified in conventional straws.
Tween-20 for 15 min. The oocytes were transferred into DPBS with 0.5% BSA for 60 min and then wet mounted.
Observation of spindles and chromosomes
Fluorescence was observed using an Optiphot microscope with a magnification of ϫ400 (Nikon, Tokyo, Japan). A Nikon filter of set B-2A for the wavelength of 450-490 nm was employed for the FITC green signal of the spindle. A UV-2A filter for the wavelength of 330-380 nm was used to search for the Hoechst 33258 blue fluorescence of chromosomes. The microscope was equipped with a digital imaging camera (Photometrics, Auckland, New Zealand). Images were acquired on a computer (Acer Computer, Taipei, Taiwan) with V for Windows software (Photometrics). Acquired images were processed using Adobe Photoshop 4.0 (Adobe System, Mountain View, CA, USA), and pictures were printed on a Kodak digital science 8650 printer (Eastman Kodak Company, Rochester, NY, USA).
Assessment of spindle morphology and chromosome arrangement
Normal spindle morphology was barrel-shaped with microtubules traversing between both poles and chromosomes. Typically, the metaphase chromosomes aligned regularly in a compact group on the equatorial plane oriented perpendicularly to the spindle axis. Abnormal spindle morphology included a reduction of the number of microtubules or the size of the spindle, disruption of the spindle, or complete absence of a spindle. Dispersion of chromosomes was defined as abnormal (Pickering et al., 1990) .
Statistics
The morphological survival rates of oocytes in the three treatment groups were calculated. The patterns of the meiotic spindles and chromosomes immediately and after 1 h incubation were analysed for the four groups of oocytes. The χ 2 -test was used for statistical comparisons. P Ͻ 0.05 was considered significant.
Results
The morphological survival of mouse oocytes after different treatments including exposure to cryoprotectants, vitrification in conventional straws, and vitrification in OPS is shown in Table I . All of the oocytes exposed to cryoprotectants without cooling survived after the stepwise dilutions. The survival rate decreased after vitrification either in conventional straws or in OPS. Significantly more (P Ͻ 0.05) oocytes were damaged in the OPS group (38%) than in the conventional straw group (19%). The spindle morphology of the control oocytes at retrieval and of those exposed to cryoprotectants, vitrified in conven-tional straws, and vitrified in OPS at immediate fixation post-dilution is presented in Table II . The majority of the control oocytes (95%) contained a normal spindle ( Figure  2A ). Oocytes exposed to cryoprotectants or vitrified either in conventional straws or in OPS had serious disturbances of the microtubular system, resulting in none having a normal spindle ( Figure 2B ). The conventional straw group tended to have greater percentages of oocytes with disrupted or absent spindles than the exposure group or the OPS group, but the differences were not significant.
After 1 h incubation, the spindle morphology of the control oocytes had not changed and most of them were normal (Table  III) . The injured spindles in the oocytes exposed or vitrified recovered to varying degrees after 1 h incubation post-dilution ( Figure 2C,D) . Oocytes exposed or vitrified either in conventional straws or in OPS had significantly smaller percentages of normal spindles than the controls. A significantly (P Ͻ 0.05) smaller percentage of normal spindles were restored in oocytes vitrified in conventional straws (21%) than in oocytes exposed (84%) and those vitrified in OPS (78%). The differences between oocytes exposed and those vitrified in OPS were not obvious. Reduced spindles made up the majority of abnormal patterns.
Chromosomal patterns of the control oocytes at retrieval and of those exposed or vitrified at immediate fixation postdilution are shown in Table IV . Compact chromosomes were present in most of the control oocytes (98%). Oocytes exposed or vitrified either in conventional straws or in OPS had significantly smaller percentages of compact chromosomes and appeared to have greater chromosomal dispersion than the controls, but the latter difference was not significant between the three treatment groups.
With 1 h incubation, the chromosomal patterns of control oocytes did not alter in that 98% were compact. The incidences of chromosomal dispersion decreased after the 1 h incubation post-dilution in the groups of exposure or vitrification (Table  V) . In comparison with the controls, oocytes vitrified either in conventional straws or in OPS had significantly smaller (P Ͻ 0.05) percentages of compact chromosomes. The OPS group tended to have a greater percentage of compact chromosomes (87%) than the conventional straw group (78%) but the difference was not significant.
Discussion
The exposure of oocytes to EG5.5 and then their transfer to 0.5 mol/l sucrose with stepwise dilutions did not result in lysis. Without cooling, the oocytes could tolerate the osmotic changes from the concentrated cryoprotectants to dilution solutions. After vitrification with cooling, oocytes become less resistant to the osmotic stress and may suffer damage during rehydration (Hotamisligil et al., 1996) . Vitrification of mammalian oocytes using conventional straws has been extensively studied and has achieved a high rate of morphological survival (Nakagata, 1989; Hotamisligil et al., 1996; Otoi et al., 1998) . Vajta et al. (1998) recently developed the method of OPS for vitrification of bovine oocytes and reported a favourable capacity for development. However, the survival ability of oocytes is not clear. In this study, it was found that mouse oocytes vitrified in OPS had a smaller percentage of morphological survival than those in conventional straws. It is considered that a portion of oocytes in OPS might come into contact directly with liquid nitrogen which may have had an adverse effect on their survival. In addition to type of tube or straw, the damage to oocytes during vitrification has been demonstrated to be dependent on the interaction of all the steps, including the rate of increase of exposure of the cells to the highly concentrated solutes, the temperature and time of exposure, and methods for diluting out the solutes (O'Neil et al., 1997) . Further studies are needed to improve the survival rate of oocytes vitrified in small pulled straws. When analysed immediately after dilution, oocytes exposed to cryoprotectants displayed dramatic alterations of their spindles. The ethylene glycol-based cryoprotectants could have been toxic to spindles and did not protect the spindles when the oocytes were dehydrated and rehydated. After 1 h incubation, repolymerization of the microtubules partially occurred so that 84% of the oocytes recovered their normal spindles. Cooling could have further injured the microtubules in that oocytes vitrified in conventional straws had a smaller percentage of recovery of normal spindles. These findings were consistent with earlier observations in which the spindle organization of mouse oocytes partially recuperated after treatments with dimethyl sulphoxide-based cryoprotectants, slow freezing, or ultrarapid freezing (Aigner et al., 1992; Eroglu et al., 1998) . In addition, in this study, oocytes vitrified in OPS had more 2602 normal spindles restored than did those in conventional straws. The former also apparently had more compact chromosomes than did the latter at 1 h post-dilution. It is thought that appropriate organization of microtubules is essential for the alignment of chromosomes, and disorganization of the spindle may lead to chromosomal dispersion.
The tip of OPS is designed to have a small diameter and thin wall. Oocytes held in OPS with a very small volume of vitrification solution achieve a faster cooling and warming rate (a theoretical rate of 20 000°C/min) than those in conventional straws (2500°C/min) (Rall and Fahy, 1985; Vajta et al., 1998) . They can rapidly traverse the temperature damaging to the spindle, assumed to be 15 to -15°C (Martino et al., 1996) . Moreover, oocytes in vitrification medium (1-2 µl) in OPS are directly warmed in the dilution solution and are quickly expelled (within~1 s) and immediately diluted. That reduces exposure to inappropriate temperatures and concentrated cryoprotectants. In contrast, the conventional straw is warmed in water and then cut with scissors. The oocytes in vitrification medium (65-70 µl) are expelled into the dilution solution and then placed into another dilution solution. It takes more time to pass through the unsuitable conditions (~45 s). These effects may explain why vitrification of oocytes using OPS preserves spindles better than that using conventional straws. It may also partly elucidate the finding of Vajta et al. (1998) that the developmental capacity of vitrified bovine oocytes could be improved using OPS in comparison with conventional straws. Martino et al. (1996) put bovine oocytes on electron microscope grids for vitrification, achieving a faster cooling rate (a theoretical rate of 180 000°C/min), and they also found a greater percentage of blastocyst formation than with conventional straws. The advantages and disadvantages of OPS and grids for the vitrification of oocytes deserve further studies.
The microtubular system of oocytes is crucial for fertilization and normal development (Pickering et al., 1990; Joly et al., 1992) . The visual changes in the spindle after vitrification have been demonstrated to be linked to functional effects of oocytes on fertilization and development (O'Neil et al., 1997) . Eroglu et al. (1998) found that insemination immediately after thawing of oocytes cryopreserved by a slow freezing method caused a delay in the dynamics of spindle rotation, second polar body formation, pronuclear formation, migration, and formation of the mitotic spindle. In contrast, insemination after 1 h incubation resulted in fertilization dynamics similar to those of controls. It was thought that a deliberate incubation period after thawing led to a sufficient recovery of microtubules and reduced the stress of cryopreservation prior to insemination. In our study, the oocytes vitrified either in conventional straws or OPS did partially recover the spindle system after postdilution incubation for 1 h. The process of repolymerization of microtubules may be time-dependent (Aigner et al., 1992) . Whether oocytes incubated longer can further recover the spindle and what the most adequate time for insemination is deserve further investigations.
This study investigated the effects of vitrification using conventional straws and OPS on microtubular organization and dynamics in mouse oocytes. Oocytes examined immediately post-dilution displayed profound spindle alterations that may affect chromosomal alignment. Incubation for 1 h allowed recovery of normal spindle and chromosomes to various degrees. This study has demonstrated that vitrification of mouse oocytes using OPS preserves the spindle morphology and chromosomal pattern better than in conventional straws. Attaining more rapid cooling, warming, and dilution using OPS can alleviate the problem of injury to the spindle, which is very sensitive to cryoprotectants and low temperature. However, the morphological survival rate of oocytes using OPS is lower. The reason for this is not clear, but may be attributed to the direct contact of some oocytes with liquid nitrogen. Further research is warranted to improve the survival and preservation of the spindle in oocyte vitrification using small pulled straws. The OPS method results in possible exposure of the oocytes to liquid nitrogen, and a potential risk of infection. This may not be important for animal studies. For any clinical application of the method the aseptic condition and avoidance of contamination should be specially addressed.
